dosing. To study the persistence of the stimulation, copper was dosed to another filter at the water works for 42 23 days. After dosing was stopped, nitrification remained complete for at least 238 days. Filter effluent 24 concentrations of up to 1.3 µg Cu L -1 confirmed that copper fully penetrated the filters, and determination of 25 copper content on filter media revealed a buildup of copper during dosing. The amount of copper stored on filter 26 material gradually decreased after dosing stopped; however at a slower rate than it accumulated. Continuous 27 detection of copper in the filter effluent confirmed a release of copper to the bulk phase. Overall, copper dosing 28 to poorly performing biological rapid sand filters increased ammonium removal rates significantly, achieving 29
Introduction 32
During treatment of groundwater for drinking water production, ammonium is commonly removed through 33 nitrification in biological rapid sand filters. Nitrification is a two-step process: ammonia oxidizing archaea 34 (Martens-Habbena and Stahl, 2011) and bacteria oxidize ammonia to nitrite, which is further oxidized to nitrate 35 by nitrite oxidizing bacteria (Prosser, 1989) . The presence of nitrifying organisms in biological groundwater 36 filters is well established (de Vet et al., 2011; Gülay et al., 2014; Lee et al., 2014) . 37
Even though biological filters are commonly used to remove ammonium, nitrification is sometimes incomplete 38 (Lee et al., 2014) , leaving ammonium residues in the finished water. This is problematic for the drinking water 39 quality, since incomplete nitrification can lead to biological aftergrowth in non-disinfected distribution systems 40 (Rittmann et al., 2012) , which can involve oxygen depletion, taste and odor problems, material corrosion, and 41 accumulation of the toxic intermediate nitrite (Lytle et al., 2007) . In chloraminated distribution systems, 42 nitrification may decrease the disinfectant residual, thereby increasing bacterial regrowth potential and the risk 43 of violating disinfectant residual standards (Zhang et al., 2009 ). In systems without disinfection during drinking 44 water distribution, biologically stable drinking water is achieved by maintaining low nutrient levels in the 45
Filter media from a secondary biological rapid sand filter (filter number 4) at Langerød full-scale groundwater 91 treatment plant (GWTP), Denmark, was used. Anoxic groundwater with high alkalinity (Table 1) is treated at 92 this plant with simple stairs aeration and a de-ironing primary sand filter, followed by two secondary biological 93 filters in parallel. The secondary filters have been suffering from incomplete nitrification for several years. With 94 effluent concentrations of 0.32 mg NH 4 -N L -1 , the filters remove only approx. 50 % of the influent ammonium 95 (Table 1) . 96 During the experiment, effluent pH, concentration of dissolved oxygen and temperature were monitored. 117
2.2
Long-term full-scale study of copper dosing 118 Subsequent to the lab-scale study, we carried out a full-scale investigation. Here only copper was dosed as trace 119 metal, because of its specific importance for nitrification (Ensign et al., 1993 ; Sayavedra-Soto and Arp, 2011) . 120
The study lasted for 280 days and was conducted at Naerum GWTP, Denmark 121
Characteristics of the groundwater treatment plant 122
Naerum GWTP treats anoxic groundwater, abstracted from a limestone aquifer, also relatively high in alkalinity 123 (Table 1) , with stairs aeration prior to six identical single-stage biological rapid sand filters in parallel. Filters are 124 identical in terms of filter material, backwash procedure, and construction and therefore hydraulic and substrate 125 loading rates. Since de-ironing primary filtration is not used, the iron load to the biological filters at Naerum is 126 considerably higher than to the secondary filters at Langerød ( 
Experimental design 137
Experiments were conducted with two full-scale filters. The first experiment (at Filter 4) aimed at determining 138 how copper dosing affects nitrification over time and over filter depth. Copper was added to the filter for 117 139 days, employing electrolysis with a rod-shaped copper electrode of 4 mm diameter. The electrode was installed 140 in the box-shaped inlet structure of the filter. During filter operation, water passed the electrolysis system in the 141 inlet structure, resulting in a continuous release and concentrations of 0.050 -1 µg Cu L -1 . During non-operation 142 intervals, copper was released into a volume of 0.03 m 3 of water, confined by the inlet structure. When operation 143 started, the copper enriched water volume flowed out and mixed with a water volume on top of the filter, 144 resulting in pulse concentrations at the top of the filter of up to 5 µg Cu L -1 . Hence, copper was added both 145 continuously during filter operation and as a pulse spike in the beginning of each operation interval. The 146 decrease in length of the copper electrode was regularly measured, to determine the amount of copper released 147 during the 117 day dosing period. Influent and effluent water from Filter 4 was analyzed on site for ammonium 148 with an ammonium auto-analyzer (Hach Lange, AMTAX™ sc) at a frequency of 30 min, in order to capture the 149 effect of copper dosing on ammonium removal. Water over depth of Filter 4 was sampled before copper dosing 150 (day 0), and subsequently after 7, 12, 23, 37, 57, 85, and 117 days with copper dosing, as well as 116 days after 151 copper dosing was stopped. 152
A second experiment (at Filter 5) investigated the persistence of the effect of copper dosing on nitrification over 153 filter depth after dosing was stopped. Copper was added to the filter for 42 days, employing the same method as 154 previously described for Filter 4. Water samples over depth of the filter were collected before copper dosing (day 155 0), and after 14 and 42 days with copper dosing. On day 42, the electrode was removed, and further water depth 156 sampling was conducted at 14, 84, and 238 days after copper dosing was stopped. Furthermore, 11 influent and 157 effluent water samples were taken during the dosing. After dosing was stopped, water was sampled every 2-3 158 weeks for 238 days, resulting in 14 additional measurements, besides the depth samples. 159
For both experiments, the effect of copper dosing on nitrification was evaluated by comparing ammonium 160 removal performance before dosing to performance with dosing. The ammonium loading rate to the filters at the 161 plant was stable during the whole experimental period (0.50 ± 0.01 g NH 4 -N m -3 h -1 ); the start and respectively 162 stop of copper dosing were therefore the only interventions made in the experiments, and changes in removal 163 performance could thus be related to these interventions. Effluent ammonium concentrations of a third full-scale 164 filter, which did not receive copper dosing, were additionally monitored as a control. Influent and effluent 165 concentrations of dissolved oxygen, pH and temperature were monitored during both experiments. 166
Water and media sampling 167
Water over depth of the filters was collected through a PTFE tube, inside a supporting rigid stainless steel 168 sampling probe. The probe was inserted into the filters at an angle of 45º, to depths of 5, 10, 20, 30, 40, 50, 60, 169 75, 85, and 95 cm. Water was extracted with a peristaltic pump (Ole Dich, 101 ACR) at a rate of 25 mL min -1 . 170
Influent water was sampled from the top of the filters and effluent water from a sampling tap. Sampling of a full 171 water depth profile was completed within 1 h, during which the sampled filter was under full operation, at 172 constant flow. Water depth samples were always collected at the same time within a filter cycle, one day after9 filter backwash. Samples for ammonium and nitrite were immediately filtered through a sterile 0.2 µm filter 174 (Sartorius, Minisart®), stored at 4 °C, and analyzed within 24 h; or frozen at -20 ºC and analyzed within 2 175 weeks. Influent and effluent samples for total copper were collected unfiltered and immediately acidified with 65 176 % nitric acid (Merck, Suprapur®) to pH < 2, and stored at 4 °C until analysis. Samples for dissolved copper 177
were filtered through a 0.2 µm filter before acidifying. 178
Core samples of filter media from 0 to 40 cm filter depth were collected from Filter 4 using an acrylic glass tube 179 (Length: 60 cm, internal diameter: 5.2 cm), close to where water samples over filter depth were taken. The filter 180 was backwashed just before sampling, and samples were collected one day before copper dosing started (day -1), 181 after 22 and 116 days with copper dosing, as well as 115 days after dosing was stopped. Cores were subdivided 182 into four 10-cm sections and sub-samples were transported to the laboratory for homogenization and further 183 analysis of the metal content on the sand. Knowing the copper content on sand [mg Cu kg -1 wet sand] and the 184 sand wet bulk density of 1,733 kg m -3 , the total amount of copper in the top 40 cm of the filter was calculated for 185 the respective sampling days. 186
Calculation of ammonium loading and removal rates 187
The volumetric Ammonium Loading Rate of the full-scale system at Naerum GWTP was calculated as ALR = 188 Results and Discussion 211
Effect of trace metals on ammonium removal in the lab-scale study 212
Volumetric ammonium removal rates (ARRs) of a lab-scale column with trace metal addition were compared to 213
ARRs of a control, at different volumetric ammonium loading rates (ALRs) (Fig. 1) . During the experiment, 214 effluent concentration of dissolved oxygen was never lower than 4.5 mg L -1 and influent water to the columns 215 was well-buffered, with an average total alkalinity concentration of 6.1 meq HCO 3 -L -1
. The average pH was 216 7.84. Nitrification limitation by the above factors was therefore excluded. The average temperature during the 217 lab-experiments was 7.2 ± 1.4 ºC. 218 The experiment demonstrated that a trace metal mixture, including copper, stimulated ammonium removal in a 236 lab-scale column, which was packed with sand from a full-scale biological filter. Influent concentration of 237 
water of the GWTP of the following full-scale study were extremely low (< 0.050 µg L -1 ), the subsequent 246 investigation focused on controlled dosing of copper only. 247
Response of ammonium removal in full-scale to copper dosing 248
Influent and effluent ammonium concentrations of Filter 4 at Naerum GWTP were monitored at high frequency 249
with an auto-analyzer to study the full-scale filter's response to the dosing of copper. The GWTP was initially 250 designed for a volumetric ammonium loading rate (ALR) to the filters of 1.5 g NH 4 -N m -3 h -1 , but was actually 251 operated under a much lower ALR of 0.5 g NH 4 -N m -3 h -1 . Yet, the filters were not able to remove the decreased 252 loading. Before dosing of copper, filter effluent ammonium concentrations were stable at approx. 0.18 mg NH 4 -253 N L -1 (Fig. 2) , equivalent to a volumetric ammonium removal rate (ARR) of 0.22 g NH 4 -N m -3 h -1 , and a removal 254 efficiency of only 44 % of the applied load. Copper influent concentration to the filter was < 0.050 µg total Cu L -255 1 (Table 2) . Shortly after the onset of copper dosing, ammonium removal in the filter responded (Fig. 2) . (Table 2) , which was lower than the 5 -30 300 µg Cu L -1 needed to stimulate Nitrosomonas europaea in pure culture (Loveless and Painter, 1968) . However, 301 this pure culture study, with an isolate from an activated sludge system, and a culture medium containing EDTA 302 as chelating agent, is not comparable to our drinking water system with low ammonium concentrations. A rapid 303 stimulation of nitrification in biological filters due to copper dosing, as observed in our experiment, has not 304 previously been reported. 305
Filter influent concentrations of copper without dosing were low (Table 2) due to raw water copper 306 concentrations at the GWTP of < 0.050 µg total Cu L -1 (n=4, sampled between 62 days before and 5 days with 307 copper dosing). Processes such as sorption and complexation during treatment in the filter may even further 308 decrease copper availability for nitrification. It should be noted that insufficiently low copper concentrations 309 may not be limited to groundwater, but may also be a problem in surface water, since available water phase 310 concentrations can be low in lake-and river water, where copper can be bound in organic complexes (Xue et al., 311 1996) or in bottom sediments (Sanchez and Lee, 1973) . Our findings showed that copper dosing can successfully 312 remove nitrification limitations due to copper deficiency during groundwater treatment, and we suggest that 313 nitrification limitation by lack of copper should be considered also at water treatment plants treating surface 314 water, when ammonium removal is incomplete. 315
Effect of copper dosing on ammonium and nitrite removal over full-scale depth 316
Water sampling over depth of Filter 4 additionally revealed the effect of copper on ammonium profiles over 317 filter depth. Before copper dosing, the ammonium concentration decreased slowly over the full depth of Filter 4 318 (Fig. 3A) , from 0.352 to 0.280 mg NH 4 -N L -1 in the top 60 cm, and further down to 0.180 mg NH 4 -N L -1 in the 319 effluent of the filter. This observation was surprising, since the deeper section from 60 to 115 cm is the support 320 material of the filter (Fig. 3C) , which is not designed to remove ammonium. Yet it shows that a filter's support 321 layers can also be active for biological removal, and not only act as bearing layers for the active layers. Contrary 322 to previous reports (Lee et al., 2014) , removal in this filter was not stratified with most activity in the top part. 323
The higher ammonium removal in the deeper parts of the filter (especially from 85-115 cm; Fig. 3A) increased 324 the concentration of nitrite, due to too short contact time for further oxidation to nitrate, leading to a nitrite 325 concentration of 0.009 mg NO 2 -N L -1 in the effluent (Fig. 3B) . Consequently, the filter failed to meet both 326 quality standards, for ammonium and for nitrite. (Fig. 3A & C) . The same 339 effect of copper was later observed in the second experiment with Filter 5, described in detail in section 3.5. 340
Ammonium removal profiles over depth of Filter 4 remained unchanged during continued dosing of copper for 341 60 more days (117 d with Cu dosing, Fig. 3A) . Peaks in nitrite concentrations were observed below sections in 342 the filter where ammonium oxidation was highest (Fig. 3A & B) ; with breakthrough of nitrite until ammonium 343 was removed in the active layer of the filter. Shifting the ammonium removal from the deeper layers to the active 344 layer with copper dosing also resulted in sufficient contact time for nitrite oxidation. It may furthermore be a 345 possibility that copper had stimulated the nitrite oxidizing bacteria itself, as copper is contained in the enzyme 346 nitrite oxidoreductase (Meincke et al., 1992) , essential to nitrite oxidizers. A mass balance showed that oxidized 347 ammonium was present as nitrate and/or nitrite (data not shown), meaning that ammonium removal processes 348 other than nitrification were negligible. Considering influent and effluent ammonium concentrations only, the 349 system was at steady-state after 23 days (Fig. 2) . Water sampling over depth, however, revealed that after 23 350 days the ammonium removal pattern still changed over filter depth (Fig. 3A) . 351
Increase in ammonium removal capacity with copper dosing 352
To quantify the effect of copper on the filter's ammonium removal capacity, the ARR for specific layers of the 353 filter was calculated from the ammonium profiles over filter depth. Before copper dosing, the ARR of the 354 support material (60-115 cm) was 0.30 g NH 4 -N m -3 h -1 , slightly higher than the ARR of the active layer (0-60 355 cm) of 0.20 g NH 4 -N m -3 h -1 (day 0, Fig. 4 ). The ARR of the active layer increased when copper dosing shifted 356 ammonium removal upwards in the filter. Also, the ARR of the support material increased after the onset of 357 copper dosing. However, it decreased again after approx. 12 days (Fig. 4) , because with increasing ammonium 358 removal in the upper layers, ammonium concentrations were decreased when reaching the support material (e.g. 359 23 d with Cu dosing, Fig. 3A ), resulting in a decrease of the actual ARR of the support material. Hence, no 360 ammonium removal occurred in the support material on days 57, 85, and 117 (Fig. 4) , when ammonium was 361 completely removed in the active layer of the filter (Fig. 3A) . The ARR of the active layer increased almost 5-362 fold during 57 days with copper dosing, to 0.98 g NH 4 -N m -3 h -1 (Fig. 4) . Based on full filter depth (0-115 cm), the ARR was 0.22 g NH 4 -N m -3 h -1 before copper dosing, which was the 368 maximum removal capacity of the filter, given the applied normal operating and loading conditions. Copper 369 dosing increased the ARR to 0.5 g NH 4 -N m -3 h -1 , and thus increased the ammonium removal capacity. The 370 initial ability of the support material to remove ammonium before all ammonium was oxidized in the active 371 layer, indicated extra ammonium removal capacity in the deeper layers of the filter. However, the maximum 372 removal capacity of the filter with copper dosing was unknown, since the filter was, at that point, limited by 373 ammonium, and the ALR to the full-scale system could not be further increased through increasing either flow or 374 ammonium concentration. Information about the maximum removal capacity of a biological filter is important, 375
since it provides indications about filter performance under dynamic operating conditions, such as varying flow 376 rates or shifting wells and therefore influent water composition (Lee et al., 2014) . Considering the top 10 cm layer of the filter, the ARR increased almost 14-fold within 57 days of dosing, from 378 0.15 to 2.03 g NH 4 -N m -3 h -1 , revealing a considerable increase in removal capacity of the filter material in this 379
layer. The strong increase in removal rates throughout the active layer allowed for a complete nitrification, 380
including the complete oxidation of nitrite. This increase due to copper dosing therefore enabled the remediation 381 of incomplete nitrification. 382
3.5
Persistence of stimulated ammonium removal 383
To investigate the persistence of removal performance, ammonium depth profiles and effluent concentrations 384 were monitored after copper dosing was stopped. A profile over depth of Filter 4, measured 116 days after the 385 copper electrode was removed, demonstrated that copper dosing had a long-term positive effect on ammonium 386 removal. The ammonium removal pattern over depth was unchanged, compared to the profile before dosing was 387 (Fig. 5 & Fig. 3A) , even though ammonium removal was initially slightly higher in Filter 5. After the 391 onset of copper dosing to Filter 5, nitrification responded promptly, and ammonium effluent concentrations 392 stabilized at < 0.01 mg NH 4 -N L -1 within 22 days. Ammonium removal was also shifted upwards in the filter, as 393 was previously observed in Filter 4; and after 42 days with copper dosing, the ammonium removal pattern 394 approached the steady-state pattern exhibited in the first experiment (Fig. 5 & 57 d with Cu dosing, Fig. 3A) . 395
Removal over depth was even marginally improved 14 days after dosing stopped, and, furthermore, maintained 396 at later times, e.g. 84 and 238 days after dosing stopped (Fig. 5) . Effluent ammonium concentrations, measured 397 every 2-3 weeks for 238 days after dosing stopped, were < 0.01 mg NH 4 -N L -1 (n=14). These observations 398 therefore confirm the effect of copper dosing on nitrification and its long-lasting properties, as previously 399 demonstrated for Filter 4. After dosing started, Filter 5 was, as in the case of Filter 4, fully penetrated with 400 20 copper effluent concentrations of 0.11 µg Cu L -1 (n=5). After dosing was stopped, influent copper concentrations 401 decreased back to < 0.050 µg Cu L -1 (Table 2) . Potential explanations for the continued stimulation are discussed 402 below in section 3.6. This second experiment showed a clear long-term effect, even though copper was dosed for 403 a shorter period than in the first experiment. This has highly practical and economic implications, as continuous 404 dosing of copper was not necessary for keeping ammonium removal performance high. Fig. 1-SI) , copper penetrated deeper during dosing and was also accumulated on the filter media 414 below 20 cm (Fig. 6) . Out of the 4.6 ± 0.2 g Cu dosed during the first 22 days, 0.6 ± 0.2 g accumulated in the top 415 40 cm of the filter (calculated from the mean of triplicate media analysis ± standard deviation, and sand wet bulk 416 density). The total amount of copper in this layer was then 2.0 ± 0.2 g, compared to 1.4 ± 0.1 g before dosing 417 Nevertheless, the amount on sand 115 days after dosing stopped only decreased to 2.6 ± 0.1 g Cu, corresponding 420 to a wash out of 0.4 ± 0.2 g. This was still approx. 85 % higher than the initial amount, showing that copper was 421 released slower than it accumulated on the media. A release to the water phase was demonstrated through 422 measurements for both filters, as copper was detected in the effluent after dosing of the metal was stopped 423 (Table 2 ). This may have made copper available in the bulk phase and could possibly explain the sustained 424 nitrification performance (as described in 3.5). Since microbial communities in such filters are organized as a 425 biofilm on the sand (Gülay et al., 2014) , copper might furthermore have been (re-)cycled within the biofilm 426 itself, and/or became available to the biofilm after desorption from sand (Simpson, 2008) A fraction of copper in the water phase was present as dissolved copper (Table 2) , which includes free hydrated 437
Cu
2+ ions and copper complexed with organic and inorganic ligands. The other fraction in the water phase (the 438 difference between total copper and dissolved copper) was sorbed to suspended particles or bound in complexes 439 too large to pass through the 0.2 µm pore size filter used for sample filtration. Both sorption and complexation 440 are able to considerably reduce the concentration of free copper (Sylva, 1976) likely lower than the measured concentrations of dissolved copper, given the water chemistry as specified in 445 Table 1 . Since copper dosing concentrations were low and the highest measured effluent concentrations were < 446 1.4 µg total Cu L -1 (Table 2) , the national guideline for water treatment plants effluent of 100 µg total Cu L -1 was 447 not challenged, and effluent concentrations were several orders of magnitude lower than the health-based 448 guideline of 2,000 µg Cu L -1 at the consumer's tap (WHO, 2011); these effluent levels remain insignificant 449 compared to release from copper premise plumbing. In any case, nutrient dosing concentrations should be kept 450 as low as possible when used for enhancement of biological treatment, inherent to maintain biological stability in 451 the distribution system. 452
